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Patent application of 
Jonathan Sidney Edelson 
for 

SLEOTRONICALLY CONTROH^RD KNOIOT OEHBRATOR SBT 

CROSS RirSRSNCS TO RBLATBD APPI^ICATION 

Thift application claims priority from, and incorporatea by reference In 
itB entirety, U.a. Provisional Application No. 60/156,402, filed on September 

7ICHNICAL OF THB INVlKtmOlT 

The present invention is related to the field of electric power 
production using combuatlon engines, it is further related to methods of 
control of electric power systema responding to load changee . 

BAGXOROOHD OF THS INVTOTION 

In an engine /generator ey»tero, the fuel supply to the prime mover Is ; 
directly controlled by an actuator means, generally with a throttle or 
injection pump. Fuel aupply adjustment la a method of adjusting the 
torque/speed characteristics of the prime mover. Ae the throttle Is closed 
or the fuel injection setting reduced, the torque produced at a given 
rotational velocity Is similarly reduced, causing the system to slow down, 
while wide open throttle mauctmizes the torque and power output at a given 
speed. in conventional engine/generator eyetems, the speed of the system is 
controlled by altering the torque/speed characteristic of the prime mover. 
This results in engine inefficiency. 

An additional cause of engine inefficiency is friction. Ab the piston 
movee through the cylinder, work must be done because of friction between the 
piston and the cylinder. Every time the piston moves through a stroke, some 
energy is lost, regardless of engine power output for that piston stroke* 
The greater the energy output per piston stroke, the lees energy lost to 
friction as conpared to energy output. 

Other sources of engine inefficiency are parasitic loads such as oil 
pumps and the like, which vary with engine speed, but not power output. The 
higher the rpm of the engine, the more en rgy lost to these loads, regardless 
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Of actual engine power output. Parasitic loads and cylinder friction mean 
that for constant power output, lower rpm will generally be more efficient. 
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BACKORQUMD irSTBHID ELBCTRZC VBHZCLB8 

A partial solutlorx for inefficiency during low demand io Eound in 
systems comprieing an energy storage unit (such aa a battery) besides the 
engine -generator ayatem. An example for such system is the Hybrid Electric 
5 Vehicle <HEV) , in which the aolution for the inefficiant low load mode is 

simply to turn the engine and generator off. The power demand is supplied toy 
the battery until a higher demand lo required or until the battery raachea a 
low energy level. The engine and the generator are then turned on to 
recharge the battery and to supply power, directly or via the battery, to the 
10 vehicle. 

Attempts to deal with engine inefficiency, such as with the hybrid 
electric vehicle have not been successful, hevo have a problem in that 
involved in their usage le a substantial amount of restarting of the engine 
and generator, which releaees fumes and is a particularly inefficient period 

15 in engine operation. Secondly, when the engine is turned off, a great amount 
of Inertial energy ie lost. This raeulte in a waste of energy, Invested in 
regaining the inertial energy, when the engine is restarted. Third, no 
currently available energy storage ayatem la perfect; more energy must be 
supplied to the energy storage system than is later removed as useable 

20 electricity, with the difference being lost as heat. Energy storage systems 
also have limited life, in terms of number of charge /discharge cycles, and 
aging due to deep discharge. Even in the hybrid electric vehicle, there is 
substantial utility to a wide range of generator power output, providing 
efficiency can be maintained over this range. 


25 


BACKOltOUyiD ELECTRICAL POWER CONVERSION 


Methods for the conversion of electrical power at a given voltage, 
current, and frequency, to electrical power at a different voltage^ current, 
or freciuency are well known in the art. The aimpleat device, the 
30 transformer, is used to trade voltage for current with little loaa of power 
to inef f Icieney. 

Other devices convert input electrical power to an output electrical 
power via intermediate mechanical form, or from alternating current to 
alternating current of different characteristics via Intermediate direct 
35 current* Power electronics are devices that usually contain transietore or 
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Bimilar component a , and use switches to vary the alactrical characterifltica 
of their output, according to requiremento. These include many variations, 
Bome of which are the bipolar transistor, the darlington pair of tranoistora, 
the field effect translator, the pulse width modulated DC controller, the 
5 Silicon Controlled Rectifier, the DC link converter, the inaulated 9ata 
bipolar transistor, the eiXtcon controlled rectifier, the MOa controlled 
thyrifltor, as well as optically driven devices, vacuum devices, gas filled 
devicefl, and even mechanical devices. Power electronic devices can often act 
an variable pBeudo-resletance. that le they can create voltage/current output 
10 relationships without diaeipating power in the fashion of an actual realator. 
The Silicon controlled Rectifier can control how much AC power Is delivered 
to a load* 

BACKOROUMD SUtCTRIC OBHERATORS * CONTROL APPARATUS 

Electric control eyfltema for generators are well taown in the field of 
the art. Output of a desired frequency, voltage and current can either be 
achieved by controlling the operational state of the generator, or by 
converting the native output power of the generator to the desired voltage, 
frequency, current, or otherwise characterized output power. 

Output characteriatice of a generator are not independent, and are 
related by load considerations and generator internal characteristics. Por 
example* a DC generator feeding a resistive load, when under circumstances 
that increase the output voltage of the generator, will also experience an 
increase in current flow, often various changes in output are deacrlbad with 
25 other output aspecta held constant. 


mraiNS-OamRATOR BYSTSMS and POWSR SQIftLXBRlUH 

Engine-generator systeme, in which an engine is directly mechanically 
linked to a generator, and providing the generator with power In the forme of 

30 torque and speed, turn at a fixed speed relation. Torcjue supplied by the 

engine is not neceaearlly equal to the torque absorbed by the generator < If, 
due to some perturbation, the generator is unable to absorb all the torque 
that the prime mover provides, a potentially dangerous situation may arise, 
for the system io not operating In qulllbrium, usually i it ie the ep d of 

35 the engine, and with it, the speed of the generator, which will change when 
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the flyatsm ie not operating in equilibrium, and in the caee mentioned above, 
the spedd of the system will probably increaea. SometlmeB the fixed 
mechanical linkage between the engine and generator includes some sort of 
gearing or mechanical advantage. in this case, then when th© system is 
5 operating in equilibrium, there will be an equilibrium between the individual 
linkages between motor and gearing mechanlsmj and between gearing mechaniem 
and generator. 

The term "torque load". In the course of this specification, is used to 
mean the amount of torque which the generator absorbs from the engine or 

10 other prime mover, to which it is connected, it is also described as the 
torque in the direction counter to rotation that the generator applies to a 
tranflmieelon with the prime mover. A negative torque load would refer to a 
torque in the direction of rotation (i.e. the ganerator acting as a motor) . 
The **torque of the generator" refers to the torque applied by the generator 

15 to the prime mover, in the direction of, or counter to, rotation. The prime 
mover in most cases may be an angine^ but the term engine is u^ed in the 
course of this specification to alao refer to other prime movers which behave 
similarly to engines, with the characteristics which will bo henceforth 
described. 

20 An example of how torque equilibrium, or lack thereof, can affect 

speed, is shown in starting an engine -induct ion generator aystem, in which 
the induction generator is supplying electricity to a fixed frequency, fixed 
voltage, electrical load. When an engine -generator ayetem is started, the 
speeds of the engine and generator are in fixed relation to each other, but 

25 the torques of the individual parte of the system are not* The engine is 
producing a torque in the direction of rotation, and for equilibrium, the 
generator would have to be producing an equal torque in the direction ct^xmter 
to rotation, However, since the speed la so low, the generator does not yet 
generate electricity » in fact, due to the low speeds, the genarator absorbs 

30 electricity (from another power source) and produces torque in the same 

direction as rotation. Therefore, the torque produced by the engine is not 
absorbed by the generator, resulting in system speed acceleration. However, 
aa high enough epeede are reached, the generator begins to generate 
electricity, and to absorb the torque produced by the engine. There is (in a 

35 matched eyetem) at least one equilibrium point, at which the torque output of 
the engine matches the torqu absorbed by the generator, whereupon the eyatem 
ceases acceleration, and a steady speed is maintAinad. Wh«n changes in 
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syetem output are required, these are usually made by throttling the engine, 
or flimilar methods. Throttling acts to change the torque/speed 
characteridtics of the engine. When throttling ia uadd, thd ayatem will 
often change speed to a different torque equilibrium point, due to the new 
5 engine characteristics. 

In all exaiYi|>lo$ of engine -generator systems, each o£ the engine and the 
generator will have a characteristic that deecribee how its torque chaxxgee 
with speed. These characteristics will determine the equilibrium speed of 
the combined engine /generator system, 

10 The generator torque/apeed characteristics will depend upon the type of 

generator it is* its level of excitation, and the load to which it is 
supplying electricity. induction generators, when attached to electrical 
loads having fixed voltage, fixed frequency characteristics/ are known to be 
quite stable, being that within the apsed range at which they generate 

15 electricity, they have a steep torque requirement relative to their speed 
requirement. Thus an accidental speed change in a system involving an 
induction generator will be immediately followed by a large torque change, 
which normally causes the system to return to equilibrium speed. 

Note that in the pathological condition of the engine providing greater 
20 torque output than the maximum torque load of the generator, system speed 

will continue to increase until the internal friction of the engine prevents 
further speed increase, or until the system fails < This is known as a 
runaway condition. The maximum torque of an induction generator is limited 
by the load currant. A sudden reduction in load will reduce the maximum 
25 torque load of the induction generator, and may cause a runaway condition. 

in AC induction machines a method may be applied for the alternation 
between generator and motor modes. The synchronous speed, the speed of the 
rotating magnetic field, of the induction machine Is determined by the number 
of poles of the machine and the frequency of the applied AC power. The 
30 synchronous speed is given by the formula: Hs m 120 f / P where: Vim is the 
Synchronous speed in rotations per minute; f is the frequency of th^ power 
supply in cycles per second,- and p is the number of poles for which the 
machine is wound. 

Tn Induction generators the actual speed of the rotor is faster than 
35 the synchronous speed of the rotating field. In induction motors the actual 
speed of the rotor is lower than the synchronous speed of the rotating field. 
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In fact, the motor and the generator are essentially the same machine with 
the main difference being in their actual speed in relation to their 
oynchronoufl speed; induction machines that are marketed as motors are often 
placed into service as generators. Although a generator is supplying real 
5 electrical power to a load, it ia consuming reactive power for excitation 
purposee* if an Induction machine does not have a source of excitation 
power, then it will not develop a rotating magnetic field, and will not act 
as a generator. 

By controlling the frequency of the Input power to the excitation, a 
10 controller may increase or decrease the synchronous speed of the machine. 
For a given rotor rpm, the control may increase or decreaee the synchronous 
speed to be faster or slower than the rotor RPM thereby determining the , 
function of the induction machine as a generator or a motor. 

US patent 6054 B44 granted to Prank describes a system in which the 
15 torque applied by a mot or /generator to the engine is calculated and applied 
to force the engine torque to have an ideal relationship to the calculated 
engine speed. Prank' e methods of controlling the engine Involve calculations 
and lookup tables as to how much torque the motor must force the engine to 
adopt so that the speed/torque relationship of the engine follows an ideal 
20 operating line. Another point Frank describes is how the engine is switched 
off if its speed Is too low as to have non- ideal conditions, Purtherrrtore , 
Prank's syet em is described only with reference to vehicles, and does not , 
Include other applications of engine -genera tor sets, whilst the Frank 
apparatus controls engine power output via the torque/speed curve reflected 
25 from the wheels » with corrections for CVT dynamics terms, a need remains for 
a system which controls engine power output In a fashion which is Independent 
o£ wheel loads. 


30 The present invention comprises a generator driven by, and connected 

to, a prime mover, typically a heat engine. The generator is connected to a 
load and to an electronic control system. 

The present invention controls fuel consumption, power output and heat 
engine operation/ by electronic control of the torque/speed characteristlCB 
35 of the generator. This electronic control of torque/speed characteristics is 

Proprietary and Confidential • Property of Borealis Technical LirriitAd 
ComparfiOtt Specification of Application 09/675,082. Filed: 28 September 2000 

Title: Electronically ControUcd Engine Geaerator Set Page 7 of 41 


PAGE 9/43 * RCVD AT 1/2312004 7:51:08 PM [Eastern Standard Time] * SVR:USPT0-EFXRF-1/D * DNIS:8729306 * CSID:+1 503 621 3425 ' DURATION (mm-ss):1M2 


jr AN — 23 — 2004 04:56 PM 


EOREALIS OREGON 


503 621 


>425 


Obtained either by diract control of generator excitation, or by indirect 
control of the volt age /cur rent or frequency characteristic ot the load. 
Control of the system by electronic control of the generator allows for heat 
engine operation in a wide open throttle condition, while being able to 
5 operate over a large speed range. The quantity of fuel consumed per piston 
stroke is maximized, and the energy output per piston otrolce remains 
esssntially constant. Power output of the engine/generator system is 
regulated by controlling the number of piston strokes per second. In 
general, feedback does not directly control engine speed, but instead power 
10 output. 

in a further embodiment of the present invention, a throttle or fuel 
metering is used to maintain th6 charge of fuel and air in the cylinder at a 
predetermined maximum level. For maximum efficiency, a throttle operated 
near the wide open condition may be used, such a throttle may also find use 
15 as an emergency shutdown device, in the event of an electrical failure. As 
used in the method of the present invention, such a throttle doed not take 
part in the primary control of engine operation. 

A fuxther embodiment of the present Invention is to dynamically control 
the torque/speed characteristics of the generator in synchroniam with the 
20 cyclic torque changes of the power output of the heat engine* The generator 
may act as a motor for part of the heat engine cycle, powering the heat 
engine during power absorbing strokes of the cycle. This facilitates the use 
of single cylinder engines, and engines without flywheels. 

Objects of Che present invention are, therefore, to provide new and 
25 Improved methods and apparatus for prime mover-generator sya terns and control 
over them, having one or more of the following capabilities, featurea, and/or 
characteristics: 

A technical advantage of the present invention is that it provides new 
and Improved methods and apparatus for prime mover generator systems and 
30 control over them. A further technical advantages is to provide a heat 

engine generator system in which the heat engine can be continuously operated 
over a wide load range without induction restriction, avoiding the need for 
engine throttling. 

Another technical advantage of the present Invention is that higher 
35 engine f f iciency is obtained by avoiding engine operation in a near closed 
throttle mode. Further, the heat engine does not have to be turned on and 
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off in reeponee to demand, but rather the engine runs staadlly. This avoldo 
the fumes and pollution caused when a heat engine atarta and prevents the 
l06a of rotational enei-gy that occurs from repeated stopping and starting. 

A further technical advantage of the prsaent invention ie th»t it 
5 provides a heat englna generator system in which control is applied to the 
generator to electronically regulate the output of the system. Thus, control 
over the output of the system may be faster and more exact. Further, the 
load on the heat engine may be electrically manipulated to maintain a close 
to optimal run of the engine. 

10 A atllX further technical advantage of the present invention is that it 

provides a method by which a generator may be operated periodically as a 
motor. This allows the heat engine operation, during power absorbing 
strokaa, to be improved by a periodic transfer of power from the generator, 
acting as motor, back to the engine. Thus, the present invention provides a 

15 simple method by which an electrical machine may alternate between generator 
and motor operation without direct control intervention, and without need to 
synchronlate controller operation to heat engine operation. 

Other technical advantages of th« present invention are set forth in or 
will be apparent from drawings and the description of the invention that 
20 follows, or may be learned from the practice of the invention, 

nniXF DZBCRZPTION OP TBS SAAHZHaS 

For a more complete explanation of the present invention and the 
technical advantages thereof, reference is now made to the following 
25 description and the accompanying drawings > wherein llKe reference numerals 
represent like parts, in which: 

) f i llu e t rat ^ y^a r 1 ou e /^rrtbod j_v \ f;: nt »jf_ t h^e; HI^''"*^'!- ^ ^ £11 LlillLi 
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Pig. 3 is a graph of engine aad generator torquea in one eirtsodiment of 
the present invention; 

Fig. 4 la a torque/speed diagram for an Internal combustion engine and 
a DC generator coupled to a set of resistive loads; 

Pig. S is a torque/apeed diagram for an internal combustion engine and 
an AC induction generator coupled to a power electronic control; 

Pig. 6 ia a torque/speed diagram for an internal combustion engine and 
a DC generator coupled to a power electronic load accepting current at 
various threahold voltages; 

Fig, 7 is a torque/apeed diagram for an Internal combustion engine and 
a DC generator coupled to a power electronic load accepting current at 
various threahold voltages, with eourcing current; 

Fig, 8A is a representation of a boost converter with feedback drawn 
from the input; 

15 Pig. 9B is a representation of a boost converter load combined with a 

buck converter power supply; 


10 


Fig. PA Is an arrMgement--"t:vt- -^44^:^-^,^4f:f:!4-^H-u+>^-^-H^ 


^0 Pig. 9B Is a ton^'que /speed diagram for an internal combustion engine and 

an alternator aupplying power to a-hTt-t-4--e*^i- bcw t '::ryj^ and 

alter nator in ong^Jl^bildlj^ inyeiit: j ori_._ 

DETAILED DKSCJftlPTlON Or THE Z29VSNTXON 

25 Embodiments of the present invention and their technical advantages may 

be better understood by referring to Pigs, 1 though 9, like numerals 
referring to like and corresponding pares of the various drawings. 

Lg . l a shows a schematic overview of the present Invention, 
prime mover XI is connected to an electric generator ^.-^i via shaft— 
30 Generator -^^IJ?. connected to f^ovw->Tt;^^i4(r-'^^^4^^7>M4+j---^?^^ 

mec:i:uinx>3m 1$, which may CrikQ Ihy j J-o tm oj ;j pou>>i (> lti.cLronic l oiid. aB 

A'.....'^^^^ via wiring- P^>].v . Converter -i-i^ijt) is -^^^(vtKH!^ 
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an Input 6^ . 

pr ime niov ei: 1 1 , c otinfeoted by c\ >^t|<:it > J.o £^ gon er^d-oi: i fr; 

^l!3I}-l^J^J_J!).!^£tL^J)Li^I^ J"iLr '^I'^-.fi" ^li^ o v mo re of! 

3jave.r<»l aiC t er Qnt control^ £ e a j. u l > r?^^ , ja g cle c: t I b .i t^i w ^ J t_ may i na 1 u die 

cjenerato r IS, .^e^^^^^ ^ g^ t.o /■K:h.io^ . 

the el e c Lrica 1 load 22 y The coiit ^:^^JAj:-7i. jj^.^f to the ■ 

*?]lgctr i<:al lo ad 22 a t ^^Jj^stdTU^iir^ lly th^^ t, s ot_ id 

eiec triciat ."load 2;;;. 

25 Fig. :i.d shows a di 1: fie rriM it: -■mbocUm^m cit Muk- p rc-^ 8fin r invention. A DC 

engine X\ ie connect od via a fjli-Ht't _ 9 en ^ t t. i ■ hlL,.?.?ilAJL ^ ^. 19" 

g to rnge unit •_ Tt^e ejiergy ^to^^ i.m U 2] lj? < ; ( 5n i n? c t t?.ti i ^<^ . 

^oad 32, with a controller 29 t"'ft.t- i_i^^JJLx iVi ) /^>>i be two en th^tn load for 

requircm ent B of t.hfr> elects j oaf i_ - _ln i. i ; 1 1; . j - 1 mhodimfjivti^* , the one rat or 

jPi5 . le reproaents a f4 1 o^pj '■:>!■ on^Jr^odimonc. , _ ii t ]n l t g Fig. Id, In \vhich 

-yi^^£^lt.9^.j&J;:Sl^I^fi-.,^U,?_J?,l J^^L-^-LliJ U L'L iL^iP^PJ: A.??. n^tK'' harj i leal j>o^.^j;^ 

o u t pu t: t o a ^ g tit^ z;A t or, v i a a a h a .Tl: 1 hji_ L ^. 1 ^'^i^ ^ ^^^^ ^ ^" ^^ _ 1 ^ 
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^ PP^ t as to the fl haf t I'j , _ dri d _LtLllV^l^JiL/^Li I J-i^.i.. ■ "j f ' c: e 1. n r a t i o n or d ec e 1 ( -i r ^ ri_Qi}_ 
of > Tho <7:le ct J'iCa] J-'AKi _:^2 , S'i^liil^if""^ ■•^■^ '■■^■1. 

.95J'il!:,L9A-^f^J??L'^„ ^'^^^ inciudin^'j powc.u; nucru.*! it.rus CMUJ^fid fjuring cliangtis in 

1 0 i a made ot a sf^t n f res is l W o. I fj ; i rl Z^^^^- f ^ -t j ^ ! n t p vi j:vvr c a i ^^^Iji^n njLidt^a 

a choice* of ^'•^^iw r erilati ve Icv-ids 7V, l-^ll^-L^j^-rlld;'^* - ^'1'. '^^A *i^jlg fl_Z!j_A]Lf!L9_-.!::!^: ' 

F-kgA shows £I<^nej;7x u ar_^^ lL12Ji.L_iriL^ifil.> .-i! fli-iiif ^A. Jl^iSll ji?, J^i^ii i^'Lk? 
15 reaia tor 7H hag b gm cpnucc.M; t^ ci. ^ ^ 5>P^-^^\^ co nt rol m ochan. Utm 3.9, 

B een by actuator 3.^_.._l^;j^>j^,..c::pr>tiol t»ocbATiie>ni I jiK;j\.n^;^i an inp iit. 65. A fu rther 

Pigs, 1 £ and l g are de <n i b e <^ i n d^^ i ■ \ \. i ; i v ho ^ o c 1 1 on " B^a mp I o ji ^ 

20 Piga* 2 6hQw a echematic overview of power flows in the present 

invention wh«n the heat engine la a single cylinder engine. The bold arrow 
repreflont0 the inBtantoneouo direction of the power flow. Pig. 2A represents 
the flystsm in starting mode or during power absorbing etrokea of the engine 
llA, when the generator 12 is powered by the energy storage unit 16 and 

25 driven to act as a motor. Pig. 2B represents the system in running operation 
during the power stroked. The generator 12 is powering the electrical load 
14 and charging the electrical storage unit 16. 

Pig. 3 is a graph of the engine and generator torques in one embodiment 
of the present invention. The engine is a single cylinder dieeel engine 
30 coupled to an appropriately sized induction generator. The horizontal axle 
of the graph Is time, while the vertical axis of the graph is torque in the 
direction of rotation. The horizontal axis is divided amongst the four 
strokes of the engine, 

Fig. 4 is a torque/speed diagram for an intem&l combustion engine and 
35 a DC generator coupled to a set of resistive loads* Curve m represents the 
torque/apeed characteristic of this example engine, with the horizontal axis 
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repreaentlng rotational velocity, and the vertical axis representing torque 
In Che direction of rotation* Curves a, G' , Q' ' , c G" ' represent 

the torque/speed characteristics of the example DC generator under various 
load resifltance ganditione, with the horizontal axle again representing 
5 rotational velocity, but with the vertical axis representing torque in the 
direction counter to rotation. 

Fig. 5 is a torque/speed diagram for an internal combustion engine and 
an AC induction generator coupled to a power electronic control. Curve M 
represents the torque/speed characteristic of an example engine, with the 

10 horizontal axis representing rotational velocity, and the vertical axis 
repreaentlng torque in the direction of rotation. Curves a, G' , 
G* ' , . . - ,G' ' " ' ' represent the torque/speed characteristics of the example AC 
generator operating at various drive frequencies and a constant 
voltage/frequency ratio. The power electronic drive is designed to maintain 

15 proper voltage while both sourclng and sinking power. 

Pig. 6 is a torqpie/ speed diagram for an internal combustion engine and 
a DC generator coupled to a power electronic load accepting current at 
various threshold voltages, curve M represents the torque/speed 
characteristic of an example engine, with the horizontal axis representing 

20 rotational velocity, and the vertical axle representing torque in the 

direction of rotation. Curves G, G' , G* ' , G' ,G' '''' ' represent the 
torque/speed characteristics of the example DC generator under various load 
conditional with the vertical axis representing torque in the direction 
counter to rotation. The load in thla case is dealgnad to have little 

25 current flow until a programmed threshold voltage, followed by increasing 

current flow at an incremental resistance of 2,^ ohms, meaning that for every 
10 volts above the threshold voltage, current increases by 4 amps. 

Pig. 7 is a torque/speed diagram for an internal combustion engine and 
a DC generator coupled to a power electronic load accepting current at 

30 various threshold voltages, with the additional capability of sourclng 

current. Curve M represents the torque/speed characteristic of an example 
engine, with the horizontal axia representing rotational velocity, and the 
vertical axia representing torque in the direction of rotation. Curves G, 
Q" , ' , . , . ,0" ' ' " represent the torque/speed characteristics of the 

35 example DC generator under various load conditlane, with the vertical axis 
representing torque in the direction counter to rotation. The load in this 
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case 1b designed Co source current to the generator until a programmed 
thraahold voltage, JfolXowed by Increasing current flow at an incremental 
raaletance of 2.5 ohma, meaning that for every 10 volte above the threshold 
voltag*, current coneumption increases by 4 amps. The ganerAtor will operate 
5 as a motor until it reaches a rotational velocity (set by the threshold 
voltage, at which point it will begin to source power to the load. 

Figs. 8 are ochematlc diagrams of power electronic loads* Pig, Bh ie ft 
representation of a boost converter with feedback drawn from the Input. Pig. 
8B is a representation of a booat converter load combined with buck converter 
10 power flupply to cause the generator to act as a motor at low voltage levels. 

Pigs. 9 are schematic diagrams of the use of an automotive alternator 
in the method of the present invention. Fig, 9A r e p t e fiexi t. an a 1 1 e r ua i: or in , 

iCG prior art \x3age. Pifl_^C is the arrangement of the alternator in the 

method of the present invention. Fig. 9e is a torque/speed diagram for an 

15 Internal combustion engine and an alternator supplying power to a battery. 

The alternator has adjustable excitation. Curve m represents the torque/apsed 
characteristic of an example engine, with the horizontal axis representing 
rotational velocity^ and the vertical axis representing torque in the 
direction of rotation, curves g, G' ,G' ' , . . . , g' ' ' ' ' ' represent the 

20 torque/speed characteristics of the example alternator under various 

excitation conditions, with the vertical axis representing torque in the - 
direction counter to rotation, in this case, the load is simply a battery. 
Current through the alternator rectifier ie essentially zero until the 
alternator voltage matches battery voltage, at which point current and torque 

25 begins to rise rapidly* Alternator voltage may be adjusted by adjusting 
excitation. 

In the method of the present invention, the power output of the heat 
engine/generator system la controlled by electrical manipulation of the 
torque/speed characteristics of the generator. The present invention 

30 comprises a heat engine, an electric generator, and a power electronic 

control. Electrical energy storage^ in addition to suitable control means 
for the aame^ may additionally be used. A load consumes the electrical power 
produced, to facilitate understanding, the common dlesel engine rotating an 
induction generator system will be used to describe a particular embodiment 

35 of the present Invention. The present invention may be used with all conunon 
internal combustion engines, Including Otto cycle engines, two stroke 

ProprietftTy emd Confidential • Property of Borealis Technical Limited 
Comparison Specification of Application 09/675,082, Filed: 28 September 2000 

Title: Electronically Controlled Engine Generator Set Pafi 14 of 41 


PAGE 16/43 * RCVD AT 1/23/20(14 7:51:08 PM [Eastern Standard 


BOREALIS OREGON 


-1-1 503 6.31 3425 


engines, and rotary enginee, aa well as with other prime movers whose 
potential energy consumption may be controlled by the RPM of the prime mover, 
The common feature of dlesel engines. Otto cycle engines, two stroke engines, 
and Wankel rotary engines is that air intake and fuel burned are directly 
5 controlled by the rotational velocity o£ the engine, The greater the number 
of engine cycles per second, the more fuel bumed, and the greater the power 
output, other devices, for ^xaniple piston engines operated by steam 
pressure, share the common feature that rotational velocity determines 
potential energy consumed and thus, power output. 

10 The heat engine la directly coupled to the generator, via a mechanical 

meana, such as a shaft, or gearing or other speed changing apparatus. The : 
generator converts mechanical power into electrical power, and driving an 
output current through a load« The torque /speed relation of the generator is 
electronically controlled, either by direct control of generator excitation, 

15 or by control of load voltage/current or load frequency characterietics . 

Through control of the torque/epeed characterlstice of the generator, control 
o£ the system's rotational velocity is effected without the use oC a 
throttle. The heat engine is operated at wide open throttle, with power 
variation being achieved through changes in rotational velocity. 

20 To achieve variation in system power output, the speed of the engine is 

changed to produce the desired power output at wide open throttle condition. 
The speed of the generator is the same as, or related to, the speed of the 
prime mover to which it is connected. 

In the method of the present invention, the speed of the system can be 
25 indirectly manipulated by altering the relationship between the generator's 
torque requirements and its speeds The engine/generator equilibrium speed is 
changed, and the system moves to this new speed, in general, higher engine 
speed means more fuel consumption and more power output, thus, control of 
system power output is achieved through the manipulation of generator 
30 torque/speed characteristic. 

The manipulation of generator torque/speed characteristic can be done, 
for example, in two waysi a switching or changeable load or by changing the 
excitation magnitude or frequency of the generator. When using a switching 
or changeable load, th load can be made to draw more or less current. This 
35 will increase or decrease the torque requirements, or "torque load" of the 
generator. 
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When changing the excitation magnitude or frecjuency of the generator, 
the characteristics of the power supplied to the load is changed* in the 
case of AC machines, the excitation frequency sets the synchronous epeed of 
the generator. In the case of both AC and DC machines, the . excitation 
5 current acts the strength of the magnetic field in the generator, and thus, 
the voltage output at a particular RPM. 

An AC induction generator contains stator windings which both provide 
output as well excitation. The frequency and voltage of the excitation 
can be modified to produce a difference in the torque load of the generator, 

10 The excitation Is provided by quadrature AC, that is alternating current in 
which the current is not in phase with the voltage. Quadrature AG in the 
stator windings induce*^ current in the rotor windings, and the current in the 
rotor windings generates the magnetic field. The induction machine 
excitation can be controlled through the use of power electronics. They can 

15 arbitrarily dravf current out of phase with the voltage, and can thereby 
adjust the (quadrature current flowing in an induction machine. The power 
electronic may con^rise an inverter, auch as is used to operate induction 
motors in variable speed applications. The use of the inverter allows for 
direct control of synchronous speed, and thus, control of the equilibrium 

20 point between heat engine torque and generator load. The power electronics 
can also change the voltage that the system is operating at, which will 
change the excitation current levels. Power electronics can also control the 
total current drawn, and in this fashion can also adjust machine torque and 
power output. 

2S Similarly, for the synchronous generator, synchronous speed 1» 

frequency controlled. A synchronous generator works in the following manner. 
In the synchronous machine, the stator poles are magnetized with a rotating 
magnetic field. The north etator pal© is magnetically attracted to the south 
rotor pole, and the south stator pole is attracted to the north rotor pole, 

30 in generator action the north and south poles of the rotor are slightly ahead 
of their stator oppoeites and pull them along. Unlike induction machines, 
the synchronous machine's rotating magnetic field la rotating at the eame 
velocity aa the rotor, which is known as the synchronoue speed. However, 
there is ability for control over the torque load of the generator, in the 

35 angular difference between the equivalent poles of the rotor amd stator* 
This angular difference is directly related to the torque load of the 
g nerator on che prim mover. 
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conti^ol of AC synchronous machines may thereby be achieved through the 
control of the frequency and voltage applied to the terminals of the machine. 
The applied frequency can differ only alight ly from the actual rotational 
velocity of the rotor, or the machine will fall out of aynchronism. Slight 
5 changes in drive frequency will cause the rotor to speed up or slow down in 
order to return to aynchronism. The rotor polea would then, after that brief 
moment of change, although being in synchronism with the stator poles, be 
slightly more ahead of^ or slightly closer to, their stator equivalents. In 
this state the generator would be applying a different torque load on the 
10 prime mover. Making controlled changea in drive frequency and/or drive 
voltage may be used in the tnathod of th^ present invention to actively 
control the torque load, and thereby the speed and total power output of the 
prime mover. 

The output of the synchronous generator may also be converted, using 
15 suitable apparatus, for example an AC input switching power supply may be 

used to Increase the current drawn by the load, again increasing power output 
and torque load upon the prime mover. 

In the case of the DC generator, generator torque load is nearly linear 
in output c\n:rent level. Thus, one may dynamically adjust the torque load by 
20 changing load resistance, for example, through the use of a DC -DC converter. 
Generator torque load is also nearly linear with field excitation, thus, 
generator torque load may be controlled by adjustment of the field, if a 
suitable load is being supplied. 

An AC synchronous generator with a wound rotor, driving a DC load 
25 through suitable rectification means, will operate similarly to a DC 
generator, as described above, and with similar control capabilities. 

As stated above, the speed of the engine/generator system is set by 
torque equilibrium. If, when the system is in equilibrium at a particular 
Speed with a particular torque equilibrium, the torque/speed characterletlc 

30 of the generator is changed, then for that particular speed the generator 
will now have a different torque. The torques of the system will no longer 
be in equilibrium and the speed of the engine will usually change. Whan the 
speed of the engine changes, the speed of the generator changes too. The 
engine /generator eye tern will speed up or alow down depending upon the net 

35 total torque between engine and generator. 
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In the case of a heat engine coupled to an induction generator 
supplying a constant voltage load, a slight reduction in the excitation 
frequency will lower system synchronous speed. As tha generator's slip ha» 
now inereaeed, ita torque load will be greater. This will cause the system 
5 to slow down. An increase in aytichronoua speed will decrease the torqua load 
of the generator, and cause the system to speed up. Note that the power 
electronic controller may be required to source or sink additional drive 
power during these speed changes, and that the extent of the speed changes 
will be limited by the maxima of the torque speed characteristics of the 
10 generator. If drive frequency la changed such that the generator Is 

operating well above synchronous speed, then the torque maximum may be passed 
and torque may be reduced. 

In the case of a heat engine coupled to a DC generator, a slight 
reduction in the excitation current will decrease the voltage output of the 

15 generator. Presuming a resistive load, this will reduce the current being 
driven through the load< The torque requirements of the generator are y 
thereby reduced and the equilibrium speed will be at a higher level.- The 
engine/generator system will epeed up. An inGraaee in field excitation will 
increase the voltage and current, and hence the torque load of tha generator 

20 and cause the system to alow down. The excitation field la often produced by 
an electromagnet, allowing the field excitation to be electronically 
controlled. 

The power output changes need not preceded by a closing or opening, of a 
throttle* The imbalance between the torque output of the engine and the 
25 torque load of the generator, caused by changes in the electrical 

characteristics of the generator, changes the speed of the engine. It is the 
change in engine speed that causes the fuel draw of the engine tO; change. 

It should be noted that a change in power requirements does not mean 
that the power requirement is immediately met by the power output of the 

30 generator. In order to reduce the power output of the system, the system 
speed is reduced. But in order to reduce system speed, the torque load of 
the generator is Increased, in order to cause the RPH change. Power Is given 
by the product of torque and rotational velocity. Thus, the torque has 
increased, but rotational velocity has not had time to change. To slow the 

35 system down in response to a reduction in load, for a moment the power output 
is increased. Likewise, in response to a required increase in load, tor a 
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moment the power output ia decreased. Changes are arranged by altering the 
net torque of the syatem with the goal of modifying the RPM of the engine, 
and thereby changing the power output of the system. 

The above torque equilibrium may be supplemented and further clarified 
5 by conelderatlon of power equilibrium. 

In order to maintain and control the speed and power output of the 
engine while keeping its throttle at the wide open state, the following 
control procedure may he used: 

(One) If the engine is rotating too fast and therefore consuming too much 
10 fuel and producing too much power, then more torque is absorbed by the 

generator and the load, slowing down the engine, or 

(Two) If the engine is rotating too slowly, then less torque Is absorbed by ^ 
the generator and the load, causing the engine to speed up» 

This control procedure may be understood in terms of the torque balance 
15 deecription presented above. Rotational power ia given by the product of 
torque and rotational velocity, as the engine and generator are locked 
together in terms of rotational velocity, the only variable is the torque. 
If the engine torque is greater than the torque being absorbed by the 
generator, then the engine power will be greater than the power being 
20 absorbed by the generator, and the eyetem will speed up. If the engine 
torque is less than the torque being absorbed by the generator, then the 
engine power will be less than the power being absorbed by the generator ^ and 
the system will slow down, 

A throttle not being intrinsic to the present invention, it 
25 nevertheless may play a role in such systems. For example, it may be used 

for emergency overall control, for shutdown, or for vary speedy changes, with 
the method of the present invention used afterwarde to achieve a more 
efficient engine performance, or a throttle may be used to put limits on the 
amount of fuel the engine may speed up to, for example, when the control over 
30 the current being automatic and subject to error or overload. 


S3CANPLSS 

As described above, there are numerous generator© which may be 
considered for the present Invention, each with several torque control 
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fltrategi^a, and all supplying electrical power to a load which ItBOlf may be 
subject to one of several control strategies. Below are specific examples of 
the present Invention, ueing a few of the many possible combinations of 
generator, control technique, and load. The following examples are intended 
5 to be purely exentplary, and should not be construed to limit the present 
Invention in any fashion. 


BMinpl* I - Changing « fteslstlve Load on a Gaaarator 

For example, the present invention may be used with a DC generator 
10 supplying a resiative load, similar results will be obtained from a 

aynchronous AC generator ©upplying a realstive load with no frequency 
regulation, or to an AC induction generator with passive supply of 
excitation, (e.g. a capacltive excitation supply). The immediate, example 
will not work with an AC machine operating on a fixed frequency load. 

13 An engine produces a mechanical power output, Thie mechanical power ia 

converted by a generator into electrical power. The electrical power 1« fed 
to a realstive load where it is dissipated. Due to external control input, 
decreased power supply la needed (for example, a thermostat has signaled a 
state of sufficient heat) . To reduce the engine power output, the fuel being 

20 consumed by the engine is reduced, which is done by slowing the engine down. 

To slow the engine down, the torque load of the generator is increased. 
This may be accomplished by an increase in the power output of the generator. 

The generator torque load may be increased by increasing the output 
current supplied to the load. This may be accompli ehed by a decrease in the 

25 resietance of the load on the generator* More current flows through the 
lower resistance, and causes the torque load of the generator to be 
immediately increased. The torque of the system is no longer in equilibrium, 
the torque of the engine being lower than the torque load of the generator. 
The epeed of the engine decreases, and with it, the engine torque changes 

30 according to its torque speed characteristics, when the required engine 
power output, determined by the product of engine torque emd speed, ie 
reached, the load resistance is increased to reduce the generator torque load 
and restore engine/generator torque equilibrium. Since there la again 
qulXibrium b twaen torque and torque load, the system stope decel rating. 

35 At thie point the engine is running at a low r speed and with an appropriate 
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torque to maintain that speed and the generator's decreased power requirement 
ie being met. A alightly different method is to decrease the load 
resistance, and to Let the engine /generator system come to equilibrium with 
the new load resistance, Ae the engine/generator system slows down, the 
5 generator voltage automatically decreases, thus, decraaeing the current flow 
through the resistive load. As the generator torque comes into equilibrium 
with the engine torque, the eyetem speed will begin to change. 

When an increased power supply is desiradr the opposite is done* The 
torque load of the generator is decreased. The load resistance o£ a 

10 resistive load on the generator is increased. This causes the torque load of 
the generator and the torcjue of th« engines to cease to be In equilibrium, and 
in this case the spaed will increase, when the required engine power output 
is reached, an increased torque load is applied^ equal to the torque output 
of the engine. The system ceases to accelerate since there is torque 

15 equilibrium* 

Again, a single step process is possible in which the resistance of the 
electrical load is simply increased, and the engine/generator allowed to come 
to equilibrium with the new load. 

with reference to Fig. 4, a graph of torque vereus speed for both an 
20 internal combustion angina and for a DC generator with various resistive 
loads is shown. To simplify the example, the effects of armature reaction 
are ignored. Armature reaction is the factor that reduces the voltage output 
of a generator as its output current Increases. Thus, the actual output of 
the generator will be eomawhat different from the values calculated heroin, 
25 in that the torque/speed curves for the generator will curve toward 
horizontal as torque increases, until a maximum current and torque is 
attained* However the general nature of the output changes will provide a 
valid example of the method of the present invention. Generator efficiency la 
also ignored. 

30 The abscissa of the graph of Pig, 4 represents speed in radians per 

second, while the ordinate of the graph represents torque in--fflfHve^•^-♦%<^Vl«'0fw* 
newLon meters . Curve M represents the torque of the engine, with positive 
ordinate values representing power output of the engine, that is torque in 
the direction of rotation. Curves G, Q' , Q" , G'", etc. repr s nt the torque 

35 of the generator with various resistive loads, with positive ordln te values 
representing power consumption of the generator, that is torque in the 
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direction opposite that of rotation. Curves G, <3 , Q ,G , etc. are labeled 
witii the resistancea placed on the generator for each curve. A„WB:uiiiluy6i:Miii£ 

vari able lesislor 7ft co ui^l mkt? the form nl' icsivjUtnce heaters. A State of equilibrium iB achieved 
when the total torque on the shaft between engine and generator is zero, that 
le, when engine torque output is equal to generator torque input. This ie 
represented graphically by the interoection of an engine torque/epeed curve 
10 and a generator- load torque/speed curve. 

The example generator producee 2000 v output at 400 radians per second, 
with a maximum continuous current rating of 50 A, and a maximum rotational 
velocity of 500 radians per second. The exanple internal combustion engine 
haa a slightly curved torque characteristic, ranging from 190 m^^r^^-^ewt-^ww 
15 new to n meters at Its minimum speed of 50 radiana per second, to a peak of 200 
tne tor iic^wfcQn fr-n ewttjn met e^r at 200 radians per second, decaying to 175 fm>t^5Hf- 
new town -newtcn mgterjj_at its maximum rotational velocity of 400 radians per 
second - 

For example, consider operation of the above system with a 25 ohm load- 

20 To describe the 25 ohm load line, two points of the line are calculated. The 
first point is the torque at zero speed. At a rotational velocity of 0 
, radians per second, the generator voltage will be 0, and thus, the current 
flowing through the load will be 0. Generator torque will therefore be 0, 
At a rotational velocity of 400 radians per second, the generator voltage 

25 will be 2000 V, and the current flowing through the load will be 80 amperes, 
an overload condition. The power output of the generator ia 2000 V timoe-r 80 
A, or 1€0 kW. To provide 160 kw at 400 radians per second, the generator 
torque must be 400--?fK^fe*)'^'^^e^i^*tT n^^ The intersection of this 

load line with the engine torque curve ie at 200 radians per second and 200 

30 TO Vcr n<i w tioao li^toii J!1**I?^'« • At a rotational velocity of 200 radians per 

second, the engine is providing a torque of 200MT^.e^-ttewfOA:t<» wt.pn mfi tt^rs , 
or a power of 40 kw. The generator is locked to the engine at 200 radians 
per second, and with this particular resistive load is providing a torque 
load of 2 0 0- w<^e-H"B< D 'W tQi> cs ae w i; . i :^ a itie t. t; >^ , Thus, the engine and generator are 

35 in torqu equilibrium, and system power output Is-^r 40 kW, 


?roprietftTy and Confidential ♦ Property of BoreaJis Technical Limited 
Comparison Specification of Application 09;675»082. Filed: 28 September 2000 

Title: Electitmicfllly Controlled Engine Generator Set 22 of 4] 


PAGE 24/43 * RCVD AT 1/23/20047:51:08 PM [Eastern Standard 


JAN-23-2e04 05:03 PM 


EOREALIS OREGON 


-Hi 503 621 3425 


P - 25 


When thers is a change of operation to a 20 ohm load, the 20 ohm load 
line also passes through zero torque at zero speed. At 400 radians per 
second^ the generator voltage is 2000 V, and the current through the load is 
100 atnperefl, with a power output of 200 kw, ane a generator torque of 500 

5 met o y " - kc * wton e iiewt on me r. or .^3 . At 200 radians per second, the equilibrium 

point for a 25 ohm load, the generator voltage is lOOO V, the Current through 
the load la &0 amperes, and the generator torque ie 250-fw^HhHFv*>w+.»w# n^^ 
m^^'te rfl, considerably more than the torque output of the engine at 200 radians 
per second. The intersection of the 20 ohm load line and the engine torque 

10 curve may be determined graphically to be at about 158 radians per second, 
with a torque of 198-'4H<^i&H;->»^-4»*i>w-tH-»H*:t- ntiwton nHM-.titf::. The generator output 
voltage is 790 volte, and the current through the load la 39.5 amperes, for a 
power output of 31.2 kW. By decreasing the load reaiatance equilibrium 
operating point is changed and the power output of the engine/generator 

15 system io reduced, without the use of a throttle. 

At the point that the load reeietance i^ changed to 20 ohm resistance, 
with the system 4« at equilibrium with a 25 ohm. load, with a power output of 
40 kW and a rotational velocity of 200 radians per, at that instant, the 
generator is still rotating at 200 radians per second, and sourcing 1000 
20 volts. 50 amperes will flow to the load, and at the instant of the change 
Over, 50 kW la being supplied to the load, an IncreaaG in power output , 
However the engine /generator system is not in equilibrium, and will slow 
down, eventually reaching the desired lower power output level, 

The load resistance may also be changed in a continual fashion, to 
25 reduce the surge of output power that occurs with a eudden load resistance 
change. Going to the opposite extreme, the load resistance may be changed 
beyond that required by the new equilibrium, to be re^ttored to the 
equilibrium resistance when the appropriate value when the calculated system 
speed is reached. This will Increase both power surges or deficits, and 
30 further increase the rate at which system speed changes. 

Graphical or mathematical techniques, may be used to determine 
equilibrium power output of an engine/generator system given a particular 
resistive load. 


35 Bxatt^l* 3 - Changing the zxoltatl n Fraquengy 
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Another way to change the torque load of a generator involves changing 
the excitation frequency of the generator, as described above. This changes 
the eynchronous epeed, and the difference in initial ©p^ed relative to the 
flynchronoue apaed caueee a generator torcjue change* This causes a changed 

5 electrical power output, a changed torcfue load, and acta to change the 

engine /generator speed, while these changes are talcing place, the load on 
the generator will oee a constantly changing power supply. If thia is 
inappropriate, then excess power supplied will have to be diverted to a 
secondary load, and a reduced power supply will have to be supplemented from 

10 a separate power source, change in synchronous speed is a technique 

applicable to AC generators, such ae Induction or synchronous machines. 

In general, to slow down the heat engine, the excitation frequency will 
be decreased, and to speed up the heat engine, the excitation frequency will 
be increased^ In the case of an AC induction generator operating in its 

15 normal operating rang*, torque change^ in an essentially linear fashion about 
synchronous speed, with zero torque right at eynchronous speed, a positive 
torque load for rotor speeds above synchronous speed, and negative torcjue 
loads (motoring operation) below synchronous speed. Real power output will 
change along with such changes in generator torque, and the electrical load 

20 on the generator is compatible with such power output changes, e,g., a: 

resistive load as described above works during generator operation, whereas 
some sort of battery would be necessary for motoring operations. 

It is possible to change the eynchronous speed to achieve the desired 
change in one step. However, large changes in synchronous speed could result 

25 in non-deeired results. The torque/speed curves have maxima, and the 

trending in both directions towards equilibria only happens if the torque 
load is below the generator side maximum. Beyond that point, if the 
generator torque load is greater than the engine torque, the system may slow 
down towards equilibrium, but should the generator torque load be lower than 

30 the engine torque, then the system will accelerate and continue to do so. 
Therefore, when the system is to be sped up by a large amount, it may be 
necessary to change the generator torque load in stages, to produce a slower 
and more gradual change. 

For example, a slow change may be appropriate if there were no energy 
35 storage, a slight lowering in power was desired, and the amount of time 
needed to reach th new power level was not a factor. 
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A fast change may be appropriate if there was an energy storage or 
supply, and the amount of time need to r^ach to the new power level wae a 
factor. 

With raference to Pig. 5, a graph of torque versuo speedl for both an 
5 internal combustion engine and for an AC induction generator connected to an 
excitation ^Qurce operating at various frequenclea is diecloaed. The 
abscissa of the graph represents speed in radians per second, while the 
ordinate of the graph represents torque in~fflr:f -^^^^ - ti^vHv0j->f > "^"^^^ ^ 9 Ll„.?>!:t.^jt2r„^^- ■ 
Curve M repraBGntB the torque of the engine, with positive ordinate values 

10 representing power output of the engine, that ia torque in the direction of 
rotation. Curves Q, G^G'SG''' , etc. represent the torque of the generator 
with various excitation frequencies, with positive ordinate values 
representing power consumption of the generator, that is torque In the 
direction opposite that of rotation. Curves 0',0'' ,Q''' , etc. are 

15 labeled with the excitation placed on the generator for each curve. In this 
particular instance, the excitation voltage is proportional to the excitation 
frequency, meaning that excitation remains constant. The power electronic 
drive/load must source or sink current as appropriate to maintain proper 
operating voltage » Note should also be made of the fact that on each curve, 

20 below the ©recitation frequency, the generator is operating as a motor. It is 
also useful to note that the generator will act as a motor, and produce 
torque, at zero speed* 

For example, consider an initial condition of the engine and generator 
not operating . i ^. .^^^S-lJiX:'?^^^^^ 

25 sh ow an engine 11 ■j olne^i b y <:rariK. J^:^!^^ t 1 to ^ ^jfcu ccatoi- I 'jy A control 

iTiechji ni« m_ j^^ 1 1 , i rn of d pgw'^ i' el e ct: r on Xc lo ad 

- -41ld p r e er ab 1 . jill, jiZy.l^.Il . ^dlll \L.i9} 3. J: ■ ■k*.! . ! 1- ^* .i-l^lJ^cU ac t e r i y c L t? m _c) f 
^bg .current between th<i qeruiLf|t oi and an tin';; i (jy u Uu;§S_^ ^uri i i. _Th^ 
e no r gy ?J t or acre yun i t 2 1 wo u l d n o rnia 1 J y be cto x\x \ f : t e i: o m i e nd r c i Vfe f O £ _ j; lij^i 

30 genejjaj^ed^ is nor ^fih^H*- 

, the bold r^rrowR . jr he^ hu lc[ ,a o ;c>w sj^ v j.[ • > j-tfid^ .2.Z-Xl9,iJ^ r. ^jw^iy frgrn th a 
^^.^^^J^fi^S^^X<=^P^'' <'>^' torquf^, and t ovvvn do J^QO^ ent •^^ij^:^^_^,Jz^^^^^^]}!^, 

invqntion in start incj mode, Olow pluge or other startup heat sources may be 
used in the engine. The power electronic control begins to ayntheaize 

33 alternating current at lOO radians per second (approximately 16 Hz) ^ at 

suitable voltage for the generator in question. The pow r electronic control 
will source cone ider able current in order to maintain proper operating 
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voltage. The generator wiXl £ict as a motor, and cause the engine /generator 
system to start rotation. J^j^IY . .^^'^ y._U>- J'' A-.l ^. ' • ^o^^ Jr.;'^lvA>^t'..„^lj„...,f^_tT;9^ 

^ t^X'^^^ ri bg i ri<3 s ou reed J^^^ j;:^^^.^ e n t_c.^v _ s L o£ j jj^L ij'l.lll.^. ^jk J^^__L*^^' e6* t iTji iic 

i:2^5L J!JL£__^?l^£i;5}I)JLiy.!^^^ S , i nh rr^pl mot o r inc ^ t qrque 

^ t o the crank s haft: The engine will consuma fuel and air, anci start 

producing power. Jl!.L^]IL**Jd..*.?/.L,-^^^^^^^^^^^ -^^ ' ^^'•"l J^?:^f?„_^tv& r-^cJ^^j ^c^Hj'^J^^ai^t'ow 

^-h^ ar ankahal't IJ . The combination of the torque provided by the engine and 
that provided hy the generator will cause the engine/generator eyatem to 
10 swiftly accelerate past synchronous speed. At this point, the generator will 
begin to convert mechanical power into electrical power, and placing a torque 
load on thd system . Thi a miu y . . iil. JZ^rJbi -^r ^.'.i -^^^ ^ ^ ^'^'^ '-^^ ^ ^ - 

roplac< j bold ayiowa :;i3, ^h owinci t -^^t .th^._tcm^^^^^^ of ihf> crankshallt 13 is utsed 
^■,-^M._£I^.^g^^tQr IT), to pj' oy itjfi i' c^^^^^ Jo £?LJp£ix_ t.o_Uie <;i5ergy j3^t oi;^ 

sMlI providing a t orqu e t:o thfj cjvajiKg^^^^^^ _ -. \cce X e r^i;i;„^fii^„ii.r^^'^Jl^l5. 

At a syfltfim speed of about 108 radians per second, the generator torque 
will balance the engine torcjue, and the system will cease to accelerate. This 

is shown in h^iqi . 2d- JRold a ^ row '-''^^ ^ ^ji^pfl^-:^!;'':^ t|i<nit the 

ii^^^ bold arrows jib 

i]A^4^^Jfl-„_lil\5Lt_„^^^^^^ Lij LhfA r-rjinksh^iflt li which 

u nit 21 . Power output will be about 21 kW. 

The power electronic control synthesizes alternating current at 200 
25 radians per second, again as suitable voltage. The generator i!H_is now 

operating on a new torque/speed curve, and at the current system speed of 100 
radians per second will operate as a motor, yh}y> us an-ulot^ouE i:o^ Picj^: 2b. The 
combination of engine Xl and generator lj» torques act to accelerate the 
system to approximately 208 radians per second. At this point, equilibrium 
30 will obtain with a power output of about 42 kw. During the initial 

acceleration phaae, the system is actually absorbing power as may be titeon by 
bhg direction ol: bold a rrows ^.j, which must be supplied by energy storage 21 
connected to the power electronic converter, 

For power output reduction, the drive frequency and synthesis speed is 
35 to be reduced. The reduction of drive frequency is limited by the maximum 
torque range of the generator. If the aynchronous speed ie reduced so much 
that generator torque is less than ths torque output Of the engln*^ then the 
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system will start to accelerate and enter a run^w^y condition. A runaway 
condition occurs when the torque output ie greater than the maximum torque 
load of the generator eyatem, auch that the speed will continue to increaoe 
until the internal friction of the heat engine prevents further speed 
5 increase, or until the system fails. 

As mentioned above, amall changes in synchronous speed may be used to 
cauee slow changes in power output with only small surplue or deficit power 
output levels* In situations where such surplus or deficit power Is not a 
problem, extremely rapid changes in power output may be effected. Ae 
10 aeecribed above, the exainple system is simply capable of starting the heat 
engine. 

Specific values of torque, rotational velocity, torque versus alip, and 
slip are specific to the example engine and generator described above. 
Different implementations of heat engine connected to induction machine will 
15 operate at different torquee, slips, and rotational velocities. 

Another way to change the generator eynchronoua speed ie to vary the 
number of magnetic poles developed in the generator. On way to do this is by 
taking advantage of the pole changing capabilities of motors and generators 
having high phase counts, such as a 30 phase generator. 

20 

EawBple 3 - Power Electronic ^^seudo -Resistive toad 

A variable resistive load may be used to control the torque/speed 
characteristics of a generator, thereby obtaining control of engine/generator 
speed, engine mechanical power output, and thua, engine/generator electrical 
25 power output. Such a load need not be an actual resistor, but may be any 
load with a generally resistive character* Of specific interest are loads 
which have positive incremental resistance; loads for which current will 
increase when voltage increases, even if the ratio of current to voltage is 
not constant as it would be in a true resistor. 

30 As noted above, there is generally an increase in output voltage as the 

generator speeds up. The value of positive incremental resistance is that as 
the voltage increases, the current drawn by the load will IncreaBS, 
incr asing the torque load of the generator. A generator providing power to 
a load with positive incremental resistance will be stable to perturbations 

35 in prime nfk:>ver speed, because an increase in prime mover speed will cause aui 
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increase in gen&ratoi* torque, acting to alow the system down, while a 
decrease in prime mover speed will cause a decrease in generator torque, 
acting to return system speed to the equilibrium value. 

Afi mentioned above, twitching power supplies may operate a a constant 
5 power loads, which have negative Incremental real stance, and can cause 
inherently unstable operation of an engine /generator syetem. However ^ 
switching power supplies may also act as resistive loads, and may be designed 
eo as to act as pure reelotors, or to simply have positive incremental 
resistance over part or all of their operational range* Of particular 
10 interest are switching power supplies that draw little or no current until a 
particular threshold voltage is reached, at which point they steeply increase 
their current draw as voltage is increased. 

Referring to Fig. 4, the intersections of the high resistance load 
lines with the engine load line get increasingly shallower as power output 
15 increases. This means that the natural stability mentioned above will be 
reduced. Further, the rate at which engine speed changes in response to 
commanded change becomes less as power output Increases. This situation may 
be enhanced through the use of pseudo-resistive loads. 

With reference to Fig. 6, a power electronic load is designed so as to 
20 operate with positive incremental resistance. This load draws little or no 
current until a programmable threshold voltage, at which point current 
increases at a rate of 0.4 amp per 1 volt change, or an incremental 
resistance of 2.5 ohms, The power electronic load la further designed to not 
draw more than 50 amps, thus, preventing generator overload. Generator 
25 voltage la directly related to rotational speed, while generator torque is 
directly related to current draw, in this example using the same sample 
generator ae example l. Thus, each electrical load line, selected by 
selecting controller threshold voltage, may be assigned to a generator 
torque/spaed curve. 

30 Hith most resistive loade, system rotational speed r and thus, power 

output, is controlled by the equilibrium between generator torque/speed 
characteristic and engine torque/speed characteristic. Also, as most loads, 
the generator torque/opeed characteristic is set by the electrical 
voltage/current characteristic of the load. The improvement is that power 

35 lectronlc load provides for a rapid change of torque versus speed about the 
desired equilibrium rotational velocity, thus. Improving operational 
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Stability at the desired power output. Further, th© aurrent draw of a power 
electronic load may be limited to a maximum desigpn to not overload the 
generator. The incremental resistance of a power electronic load Is an 
aspect of its ^ft-t^-?— de s ign, and may be tuned to a particular engine, 
5 generator, or load. 

A pover electronic pseudo resistive load may ba u^ad with a DC 
generator, with a Bynchronoua generator, or with an induction generator. If 
excitation frequency ia not fixed, for example with capacitor excitation. The 

embodimentL nndf^rstood with xti- f e i CM](:e to I'l^jf. Ib^. Prime mover ll-^^whicll 

10 may a htja t: onginfj, i.q f:H?nii^-;<;r.e;:i vi a a iL;Ji.Ai 1. 1 J t e.r a t or I - Con t x o I 

ttifechanl am 19 in t}\ e prerto nt ombodimeiu. t akof^ i lu- t<->vi^' pf,^';^,^^.^^^ 

A power electronic load is quit© similar to a power electronic power 
15 supply; the essential difference is in the feedback loop, in a power supply, 
the output is sampled, and errors in the output are corrected through 
suitable Adju^ttment of the actlva control elemanta. In a power electronic 
load, the input is sampled, and errors in the input are corrected through 
suitable adjustment of the control elements. Both input side voltage and 
20 input current are sampled. The control element is adjusted so as to maintain 
a desired relationship between input voltage and input current. This may be 
done by maintaining a constant ratio between input voltage and input current, 
thereby synthesieing a resistive load, More complex volt age /current ratios 
may be designed for, and voltage/current ratio may be adjustable. Power 
25 electronic loads may also be programmed to sample the frequency of AC current 
input and maintain desired frequency characteristics. 

With reference to Figs. 8, a block schematic diagram of an adjustable 
threshold constant incremental resistance power electronic load is depicted. 
The power electronic circuit itself ia called in the art a boost convertei*, 

30 Electrical current flow is from the eource^ ( * v?_<jHf3icjlcji:- ib) t through an 

inductor ,4 7, through a switching control element (t^/ ansistp^^^ and back to 

the ^Q^'^c^^SS£^JS£2;^J£^lS2lX^^!^.' A high voltage load itj^.iJie__.f_igi2£^£_sh^ 
battary 21, ie also connected to the-- ffvH-t^HH^^ -vf i i^mnmfe^ ^^a w A L' c\iX ng con t. r ol 
( 3iemg:>nt through a diode_4^>. in operation, the ri»*Hr^.-e^^4-fKt-e4r€HR(^f>t- 

^5 3wi c ctiii i g co ntrol el riMnent l| la alternately closed and opened at a rapid 
rate. When the control element is closed, th source a;>c_<3ene2;;a^^ is 
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short circuited through the inductor ^'/, storing energy, when the e^n^^-V 
elcMaefvtr-BWitArhing c opened, the in<auctor__4_7 attemptfl to 

maintain current flow, and forces current through the high voltage loa d 21 , 
dissipating the energy stored in the inductor . 

5 The current flow from the source is controlled by the duty cycle of the 

«m^^fe^e3r- C! 1 c.mc2 n t _k w i t ch i i ] L j o I e 1 gnie jit 4 j . Normally, the output voltage 
would be sampled, and the Input current would be adjusted to control output 
voltage. In the present usage, -"tl^;>-4*^H+^---w4*t-t4tff;'--(^^^ 

■lJ:^yj?'..-XQ.\^^Sl^ «ainpl<>d l>y voU^^^j^' at^iL^^tir ^i''. , -uid <:uireiat ia sampled hy 
1^ c urrent aein ie^ .13. Ths input voltage and current are sampled prior to the 
e enfe-yel- ^^^^^ewfiHt T a wit.chinfj ccintrol clement. 4.3. A threshold voltage ie 
subtracted from the input voltage using a r^ctif ier_f>9 . The voltage above 
threshold 1b now compared with a scaled voltage that is proportional to the 
current* "llh i a 1 j3 don g_ ,b y co nip ^ mi o i ^. Any difference between sensed current 
15 and desired current is used to drive an integrator PWM unit 41, which adjusts 
t he ■ oon - ij . ro ^. <* ^ <nfflon fe - h w i t c bi u g c or t r vo 1 o 1 on i en t "t ^. . in the case that current 
flow Is exactly that desired, the input to the Integrator -qi will be 
constant I the integrator output will be constant, and the wmt-^fw^-tij^Hwumt 
swl t crhing c ontrol elem e nt 4 .3 will maintain its desired state, 

20 • . With a power electronic load, the Input is controlled, and the output 

is varied to maintain the appropriate input. For example, a power electronic 
load synthesizing a resistor will reduce its current consumption in the event 
that supply voltage is reduced. Output voltage and current will change as 
appropriate to the new power level. Th© output may be, for example, a high 

23 voltage traction battery used in a hybrid electric vehicle. The power 

supplied to this battery would change in a fashion controlled by the input 
voltage to the power electronic load. 


BxaApXe 4 - Powex- Electronic Pseudo-Resistiva Load with Energy Storage 

30 With the addition of energy storage needed for smooth supply of 

electrical power to the final load, additional options are available for a 
power electronic load, a suitably designed power electronic load may be 
capable of aourcing as well as absorbing power. In soma cases, such 
capability is an inherent part of the load design, in other cases a load must 

35 be designed specifically for power eourcing applications. T!i£_.9i!i^fi3.L^rdliLJ[P^ 

be >"K^ji*^gtAjod wA_t:h jc of^^^Jl^' ^. i' 'Ai^ i.-i . P >vi?!r 11/ whi ch may bo ^ h eat. 
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gg.'^^^^ct od to t he oiltpur, ot: j;jen ^i\ir. or 1^3, and j ;j ' i;>mi.ern: e^^^ 

gtoA'jigt? u nit 21 aii cl c^^^^^ ^ -^^J ^*- I . .l.':^ji4J?.!i^..Z^^^^^^^^^^ ' ou t re? ! mg^cbaiiiam 19 In tihc 
RL'!ig-ggL.J?.!!lk2Slil>j:^ puwiM el' >:*-icniit^ load, a ref furred 

9i^B§i:L^,tJ;??iL^^l^^^ The present example will function 

with a bruah comutated DC generator, or with a brushXess DC motor modified 
with suitable b*ck diodes so as to be capable of generator operation. 

10 The inverter drive for an induction generator must be capable of 

supplying power to the generator, operating the generator as a motor* This 
l8 neceaaitated toy the fact that induction machines coneume reactive power. 
Reactive power meana that current and voltage are not in phase, and that 
energy ie circulating between the generator and the inverter. An inverter 

15 muet therefore include a small amount of energy storage, suid must be capable 
of Bourcing a email amount of energy. With the addition of more extensive 
energy storage on the DC link, the generator may be caused to act as a motor 
for an extended period. 

In the case of a DC generator with independent excitation, the 

20 generator may be caused to act ae a motor by reversing the flow of armature 
current through the machine, with reference to Pig. 7, a power electronic 
load is designed so aa to operate with E>ositive incremental resistance^ and ' 
with current sourcing. This "load" actually supplies 10 amperes of current 
until a programmable threshold voltage, at which point current consumption 

25 increases at a rate of 0.4 amp per I volt change, or an incremental 

resistance of 2.5 ohms. At 25 volte above the threehold voltage cui*rent is 
zero, and ae voltage rises current consumption increases. The power 
electronic load is further designed to never draw more than 50 amps, thus, 
preventing generator overload* However, in conditions of excessive 

30 rotational velocity, the generator is allowed to go into overload in order to 
prevent an engine over-speed condition. The power electronic load supplies 
electrical power to a high voltage traction battery. Generator voltage is 
directly related to rotational speed, while generator torque is directly 
related to current draw, in this example using the same sample generator as 

35 example 1* Thus, each electrical load line, selected by selecting controller 
threshold voltage, may be assigned to a generator torque/speed curve. 
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Below the threshold voltage, current flows through the generator in tha 
opposite direction of the generator produced voltage; electrical power is 
being supplied to the generator and the generator is acting ae a motor/ The 
power electronic load In this case la acting as a power electronic power 
5 flupply. producing a terminal voltage which is greater than the generator 
voltage, thus, causing current flow through the generator. For the example 
generator, a current of lO amperes corresponds to a force of 50-fflf^b*=f*i-wa%*47«H-» 
.?l^J.22LI!l^tLSI^» As the threehold voltage ie reached, current supplied to the 
generator is reduced, and the generator ceases to act as a motor, and begine 
10 to supply power to the load. Equilibrium between engine torque and generator 
torque load is as before; power output la adjusted by changing the position 
of thia equilibrium by changing the threshold voltage. 

Note that the transition between motor cranking, to start the engine, 
and generator operation, in order to generate electricity, is entirely 

15 automatic. If the engine is slow to start, then the engine will not produce 
torque, and the generator system will continue to act as a motor, Fmrther, 
there is no need to know the exact speed of the engine. Rather, the 
threshold voltage is controlled based upon the desired power output. If the 
system power output Is less than desired, then the threshold voltage Is ; 

20 increased, similarly^ if top much power la being produced, then the 

threshold voltage ie decreased. Power output may thus be controlled over a 
large power range . 

A circuit may be implemented with the above DC active load with energy 
storage* With reference to Fig. Sa, a DC generator ij^^ia connected by means 

25 of an inductor 4 7, a transistor (>^witf.;h;i.ntj r^;nT ^oi r:- l ament ) 43, and a diode 
4^9 to a batter y 21 . The control circuitry, transistor drive circuitry, 
voltage and current detection means, as well as the specifics of the 
transistor and diode components, are also included. The battery voltage is 
higher than the generator voltage, and the configuration of inductor_42. 

30 transistor 43, and diode_4 0 is known as a boost converter. During operation, 
the traneistor_4J is switched on and off at a rapid rate. When the 
translator 43 Is on, the generator Ij^ voltage ia applied to the inductor 47, 
causing current to flow and energy to be stored in the inductor_4 7 magnetic 
field. When the traneistor_4j is switched off, the energy stored in the 

35 inductor 4V Is used co maintain current flow. The voltag acrose the 

inductor 47 chang , increasing to the point that the diode 4 9 conducts, and 
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energy stored in th$ Inductor 4 7 is supplied as a charging current to the 
battery 21, 

With reference to Fig. 8B, the addition of an additional translator 
and diodo^Jijl allow for Himllar operation with the additional capability of 
5 supplying power from the battery_;^i to the generator is. When operating ae a 
load; transistor ft- 4 3^1e ©witched as above. With transistor A-Jijoff, power 
supply capability is aa follows. Tranaiator k h'^ is switched on. As th« 
battery 21 voltage is greater than the generator js voltage, current flows 
through trans istor-B_J^5, the inductor 47, and then to the generator_ L5 . This 

10 causes the generator_is to act as a motor, to regulate the current through 
the gsnerator_].^, transistor t^-^:? may be switched at a rapid rate; the duty 
cycle of transistor B^-^^^ controlling the current supplied to the generator 
2Ji- The catch diode Jil and inductor 4 7 act to provide continuous current 
flow even as transistor B-sj^le switched on and off. When transistor fl-'.;r.^^ io 

15- switched off, the inductor will maintain current flow, the current flowing 
through the diode Transistors and are restricted to not being 

on at the same time. TranBlator-4^ j^, the catch diode , and the inductor 
41^ form a "buck" converter for supplying power from the battery ?1 to the 
generato r IS . it may be possible to dispense with the inductor 4 7- entirely, 

20 depending solely upon the natural inductance of the motor itself to provide 
current smoothing action. 

Interface of this embodiment of the present invention to an external 
load is particularly easy. Jlli^,_My_,j952^a,r;>2iL^^ V'iiT^J.JiZ;. ^ load 22 is designed 
so as to consume power at the battery 2\ nominal voltage* Thie may be, for 

25 example, the motor of an electric car, operated through a suitable 

controller. The generator controller, >U\o^_n_ -ah^ in put. 6^^,_ monitors the state 
of charge of the battery ^i^ though the simple expedient of measuring actual 
battery voltage, Tht?!__dot;t:e<3 l.itu>?* eiet^t^. i.C'ci i cf^nnyci.ors ^"'_ji[}l?i5'.J:?3i!i 
einbcdimen t i n which Che input: Cf.^ L^!iii?ilJ^L^iL?l itAv'.L . L!-l_^J._ktl£^_H^Lll^LI Jit.^ 

30 con t ro 1 1 /? r ) t a )5j^,b^ a nte^su-tt^moiii: f r om tjre yq ) } ^^7^; o t _r.he_ JbaJ^rtBry In 
response to increasing depth of discharge, or to increasing rate of 
discharge, the generator controller _fbQwn a.s inpiir. would command an 
increase in power electronic load_JL|) threshold voltaga , A 11 Fit) . sb) . 
This would move the on<j ) n u / ^^:>¥^irrkhf^'m\gi 1 1 :i 1 / <]{ *^\ u-i i r o i ' 1 rj equ i 1 ibr i um point 

35 to higher speeds and power levels. Additional fuel would be consumed, 

additional power would be d livered to the battery 21, and the battery J5l 
would ba recharged. Ah the battary_iU achieves full charge, or as the rate 
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of diecharge decreaaea. the ^t.H^.4:^^^^H+^^•-^e^*^1tf^e-y^^^^^ command a 

decrease in power electronic load_l9 threehold voltage^^7^_j^i_P4^_8^fej^ 
Thlfl reduces the epeed of ii^«^ri-tt->/^^f4^Mvi+^-m'--tM ^ i^i 

equilibrium, and leas power would be delivered to the battary ai, 

ExucqpX* 5 - Aftaiittiva Load vlth Bbccitatlon Control 

Generator voltage is directly related to the rotational velocity of the 
generator rotor. Generator voltage is also directly relatM to excitation 
level. At the same rotational velocity, doubling excitation level will 
roughly double generator output voltage. Doubling excitation level will alao 
double torque for a given output current level. The ef facta of armature 
reaction are ignored in this description, since they do not affect the 
general trends described, if excitation is doubled, with a constant 
resistive load, then output voltage will be doiibled, current flowing through 
the load will doable, and generator torque load and power output will 
increase by a factor of four* This increase in torque load will cause the 
engine /generator system to slow down. 

Doubling the excitation level will have roughly the same effect as 
quartering load resistance. A change in excitation level may be understood 
having the same effect as a change in resistance equal to one over the square 
of the excitation change. 


The method of the present example embodiment is applicabX© to DC 
generators with separate excitation, it is also applicable to AC synchronous 
generators with variable excitation wh^n operating frequency independent 
25 loads. 

In an exemplary embodiment, a diesel engine provides mechanical power 
to an AC synchronous generator with external excitation. Electrical power 
from the generator is used to operate an electrical resistance heater. The 
diesel engine has a fixed fuel injection setting. 

30 When it is desired to increase the heat being produced by the heaters, 

the generator excitation is reduced. This causes the engine /generator system 
to speed up, until equilibrium is achieved at a higher rotational velocity, 
with higher voltage and current. When it is d sired to reduce the heat being 
produced by the heaters, the generator excitation is reduced, 
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Bxanpl« « - Battery toad with Alt«mator 

Of particular value for automotive applicationa is th$ uae of an 
alternator as the generator. An alternator ie essentially a bruahleas DC 
generator, comprlaing a atator with a three phaee winding, and a wound rotor 
producing a eultable magnetic field, and suitable rectifiers on the stator 
circuit to provide a DC output. In moat altematoro, the excitation la 
provided by means of current supplied to the wound rotor by meana of slip 
rings. Excitation is generally controlled in an automatic fashion in order 
to maintain a fixed output voltage over a wide load range. The alternator is 
of particular value because it is already In common use for automotive 
applications. 


With reference to-^^j^^-^ f . gf - , an engine^,n and alternator ^ 
connected for use in the method of the present invention is shown, in this 
case, the alternator paceaante the primary load on the ongine_i_l, rather 
13 than a minor secondary load. The three phase stator winding connects by 

means of the full wave rectifier <> 7 to the battery 21. control is provided | 
by means of excitation change, similar to example embodiment 5 described 
above , SiL9A!L»£AHL£^iU.L!:2LJil.J]ri^^^^^^ . The 

battery_2i, however, presents an extremely non-linear load. At low 
rotational velocity, alternator output voltage i« lower than battery 
voltage, and the iref?tr4*4<N*^.--4-t*"<lj ^ biased. Output current is 

thus, essentially zero, and alternator J.;j torque load Is minimal. As the 
alternator J2 output voltage becomes comparable to battery_jJi; voltage, 
current and torque increase rapidly, limited only by the extremely low 
25 resistances of the battery ^1 circuit and by armature reaction, ^i^iput^^is 

rgpj^:^gen j;. ?„ an ^^t^jU3t ab:tjg_pfjwoi i r cpi^ ^.^^Qn t g i:.j:t<@ fu<jl a nd t h e 

altemator . 


With reference to Fig. 9B, a graph of torque versus speed for both an 
Internal combustion engine and for an alternator supplying a battery type 
load, operating at various levels of excitation is shown. The abscissa of 
the graph represents speed in radians per second, while the ordinate of the 
graph represents torque in---mi>+:+:-t;-ffewt-e*H^* newtrnn nictc^va. Curve M represents 
the torque of the engine, with positive ordinate values representing power 
35 output of the engine, that is torque In the direction o£ rotation* Curves G, 
G',a",G"', etc. represent the torque of the alternator with various 
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excitation levels, with positive ordinate values repreeenting power 
consumption of the generator, that is torque in the direction opposite that 
of rotation. The exact location of the threshold points on the torque/speed 
curvee will depend upon the atate of charge of the battery, but the general 
5 nature of these curvee will remain unchanged. 

Ae may be noted from the diagram, engine/alternator power output is 
increaaad by a reduction In excitation, and reduced by an inereaee in 
excitation. This may be underatood in the context of the present invention 
aa follows: at a given equilibrium rotational velocity, an increase in 

10 excitation will cause an instantaneous Increase in power output. This 
increased power output is not matched by engine power output, thus the 
engine/a Itemstor system must slow down. This slowing stops when a new 
engine/alternator equilibrium is attained. Similarly, a reduction in 
excitation causes an instantaneous reduction in electrical power output, 

15 leaving the engine with excess power to accelerate the system, as the engine 
is operating in wide open throttle configuration, engine rotational velocity 
will da t ermine fuel consumption and power output. 

An automotive alternator does not normally act aa a motor, as the 
rectifiers are passive commutation devices. Howavar, with the addition Of 
20 switching elements_9^[ and a rotor position senaor_52, an alternator may be 
modified to act aa a bruahlesa fWc-Mfi?;>tT*'^»«'™-^4- t mo I: or, a 

njocy_f_ic;citipn alternator to act aa the starter for the heat 

engine, 

25 Ixanple 7 — Osnsracor in Engine syn^hronliittd psrlodio Motor Aotlon 

The introduction of energy storage and motoring of the generator 
permits further benefit to ba had from the present invention. In heat 
engines, inertia (the energy of motion of an object) is an Important factor. 
During the engine power cycle, inertia carries the pistons through the power 
30 absorbing strokes, To enhance this mechanical energy reserve, a flywheel is 
placed on the crankshaft to which the pistons are connected. The engine must 
be operating rapidly enough for sufficient energy to be stored in the motion 
Of the flywheel to allow for the completion of power absorbing strokes, if 
the engine is operating too slowly, it will stall. 
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Traditionally, a amall electric motor is used to start the engine. 
This motor, also known as the starter, ia coupled to the engine and la 
atarted by closing a circuit to an Independent energy aource, usually a 
battery, when started, the atarter rotates the engine iintll sufficient 
3 inertia Is reached and one piston can carry the rest of the pistons through 
their power absorbing strokes on its own. Once the desired speed is reached, 
the atarter is mechanically disconnected from the engine. 

As mentioned above, numerous generator deaigna my be operated as 
motors, given suitable electronic control and a source of electrical power, 
10 such as a battery. The generator, temporarily acting as a motor, may replace 
the starter to initiate engine operation, once the engine gains aueficient 
momentum, the generator is reset to its original function and the power ia 
provided by the engine, This eliminates the need, and with it the cost and 
the complication, of a separate starter unit. 

15 As described above, several generator/load combinations act as motors 

at low speed, transitioning to generator operation engine speed passes a 
particular threshold. In the method of the present invention, thia threshold 
is controlled by various means suitable to the generator and load. Further, 
several generator /load combinations display rapid changoe in torque with 

20 rotational velocity, meaning that a small change in rotational velocity will 
cause a large change in generator torque load. Such a "stiff generator, If 
capable of motor operation, will act as the flywheel of the engine. During 
power absorbing strokes, the angina /generator ayetem will slow do*m slightly, 
and the generator will begin to act as a motor, supplying the necessary 

25 energy to the pistons. During power strokes, the engine /generator system 

will speed up slightly, and the generator will output electrical power to the 
battery. 

Similar results may be obtained through the use of a position sensing 
mechanism mechanically coupled to the engine, which would command the 
30 generator /load controller to appropriate torque levels at appropriate times 
during the engine power cycle. Such added complexity may beneficially 
improve efficiency. 

There are two particular advantages to the present example embodiment. 
First, energy stored in a flywheel increases aa the square of the rotational 
35 velocity. As the engine slows down, a point may be reached where 

inoufficient energy is stored in the flywheel to carry the engine through 
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energy absorbing atrokes, ancj the engine will stall. The electrical energy 
storaga does not show ouch a lew speed limit; thus, an engine pperatod in the 
mothod of the preoent invention will be capable of operation at arbitrarily 
low speed, and thus, arbitrarily low power output. Second, the use of the 
5 generator and battery in place of the flywheel will allow for the use of 
single cylinder engines, which are simpler, have smaller surface eirea to 
volume ratios, and are more efficient. 

aseattipla B - Another SoaibodiMnt of a Oenorator In Engine Synchronized :i^eriodla 
10 Ho tor AO t ion 

A Bingle cylinder diesel engine Is coupled to an induction generator. 
The oyotem lo operat&d by electric control that is supplied with DC power by ^ 
a battery. The electronic control is able to electronically manipulate the 
current and frequency of the power input to the induction generator. Tha 
15 control is further able to draw power from the battery and provide auitable 
AC excitation and power to the generator, or to supply suitable AC excitation 
to the generator while rectifying real power from the generator and supplying 
power to the battery. 

Initiation of system operation ia as follows* The control system 

20 operates as an inverter to synthesize alternating current of suitable 

voltage, frecjuency, and phase so as to cause the generator to operate as a 
motor, and accelerate the diesel engine to operational speed. The generator, 
driven by power provided by the control, from the battery, rotates the engine 
through the Intake and connpreasion strokes. Depending upon system inertia, 

25 generator torque, and generator synchronous speed, the system may reach the 
normal operating range at this point, or may take several power cycles for 
the system to reach the operating range. The normal operating range is that 
speed range from a few percent below to a few percent above the generator 
synchronous speed. At the operating range, during the power stroke, the 

30 system will speed up above the generator synchronous speed, causing the 

generator to produce electricity. Then during the power absorbing strokes^ 
the system will slow down below generator synchronous speed, causing tha 
generator to act as a motor, and provide mechanical power to push the heat 
engine through the power absorbing etrokas. Through control of gen rator 

35 synchronous speed, the av rage system speed may be controlled, thereby 

controlling the power output of the system. It may be noted that th re is no 
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requirement to detect the actual speed of th© engine, nor is there need for a 
eensor to determine the position of the engine in Its power cycle. The 
engine will naturally vary ita sp&^d aJjout the synchronous apeed of the 
generator, and power production may be controlled through control of engine 
5 synchronouB epeed. 

The above is a description of a single cylinder dleoel engine coupled 
to an electric generator, and a battery, and operated by an electric control. 
While this description includes many specifics, these, and other descriptions 
disGloeed above, should not be construed as limiting the scope o£ the 

10 invention in any way. For example, the diesel engine, mentioned in the model 
above, may be replaced with another heat engine equipped with any number of 
cylinders, or an otto cycle engine, or a four cylinder gasoline engine. The 
engine may or may not be equipped with a turbocharger or an electric 
supercharger, depending on the manufacture preference. More than one engine 

15 may be used to drive the generator, for example, when two very different load 
modee may require an additional temporary power input, to supply the high 
load mode. In fact the invention is directed to a prime mpver, which may or 
may not be an engine at all. For example, a water turbine in a dam could 
utilize the present invention as its control technique, ae could other prime 

20 movers - It is only for clarity in reading that the prime mover has been 
referred to almost throughout this specification as an engine, and mora 
specifically, as a heat engine. 

The method of the present invention controls the prime mover *fuel" 
consumption by the motion of the prime mover. Thus, the present Invention is 
suitable for internal combustion engines, pressure operated reciprocating 
engines, turbine systems over restricted epeed ranges, etc. As an example of 
a eyetem for which the method of the present invention is unsuitable, one may 
consider a wind turbine, in which the wind blows weather power is being 
consumed or not. similarly, a standard twin shaft gas turbine engine, in 
which the power output shaft is not directly connected to the compressor or 
fuel supply » 


25 


30 


More than one generator may be coupled to the engine as a result of 
$pace requirements, separate operational need or other consideration. The 
engine may be coupled, in addition to the generator, directly to the load; 
35 for example, in a vehicle, the engine may be, in addition, coupl d to the 
wheels. As in the model, any type of g nerator may be used for the 
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Conversion of the mechanical power to electrical power. Any type of 
ganerator that la capable of acting aa a motor may be used In an enibodiment 
that takea advantage of this capability. The present invention teachee how 
control could be effected without the need for throttle control. There are 
5 however embodiment b in which a throttle would be part of the engine generator 
eyetem, e.g., for shutdown, or as a safety device. Power electronic devices 
for the control and conversion of the electrical power are not limited to 
those listed, but may include any power electronic switches, including gas 
discharge devices, mechanical ewitchea, silicon devices, and vacuum 

10 microelectronics devices. The extent of the control might range from the 

manipulation of the generator's output, through control over the generator »o 
excitation levels, to the additional control over the engine's fuel and air 
Intake* Operation is not limited to the ideal combination of engine speed, 
winding power and generator electric load, although the invention facilitates 

15 operation at such ideal parameters. Direct feedback of heat engine speed may 
be used to allow the power electronic control to anticipate power output 
corrections. In addition, other feedback parameters such as engine and 
winding heat, oxygen concentration in the exhaust path otc» may be collected, 
depending on the machine function, to reflect the difference between the 

20 given condition and the desired one. The power electronic control system may 
control system rate of speed change, as well as system speed. The power 
electronic control system may include predictive capability to anticipate 
future power requirements, and to select power output levels accordingly. 
The generator controller used to alter the synchronous speed of the generator 

25 according to the methods described may include standard field oriented 
control techniques, which allow the control of electrical machine torque 
versus speed relations, 

While inherently stable embodiments have been described, in which small 
changes in system speed cause immediate changes in power consumption which 

30 restore the system to the desired equilibrium epeed, such is not a necessary 
requirement. The requirement of equilibrium may be met through the use of 
unstable equilibrium, for example a DC generator supplying a constant power 
switching load. In such a case, active changes in load power consumption 
will be needed to maintain system speed, however the unstable nature of the 

35 engine/generator equilibrium may enhance the spaed with which power output 
levels may be changed. There are also embodiments in which a further 

Proprietary and Cortfidential ' Property of Borealis Technical Limited 

C mpsriaon Specification of Application 09/675,082, Filed: 28 September 2000 

Title. ClectTDiikally Controlled Engine Generator Set Pagd 40 of 41 


PAGE 42/43* RCVD AT 1/2312004 7:51:08 PM [Eastern Standard Time] ' SVR:USPTO-EFXRF-1/0 ' DNIS:8729306 * CSID:+1 503 621 3425 * DURATION (mm-ss):1942 


: 1 1 PM 


EOREALIS OREGON 


503 621 


>425 


-43 


controlling step will prove neceeaary, to cauae the engine and generator to 
be In an equilibrium state, so that the engine stops changing speed. 

There hava been described embodimente in which the focus is on the 
change of power output of the engine, via generator control. Another 
5 application of the present invention is with the use of an Induction 

generator having a very high torque to speed relation around eynchronouB 
speed. Through thla, the generator fluctuates between generating and 
motoring modes throughout the engine power production cycle itself* As a 
result, the engine never slow«i down dramatically during power absorbing 
10 stroke*, to speed up again dramatically in power production strokes. In such 
an embodiment, used perhaps in a electricity generation unit, the generator 
may, or may not alao provide control over the output of enginej indeed a 
throttle may be used to control engine powar output . 

Some, embodiments may uae a more limited and some a more expanded 
13 control depending on their specific needs. An energy storage unit, such as a 
battery, may or may not be used. The benefits from the use of the present 
invention are especially apparent when the invention is utilized in hybrid 
electric vehicles, heavy machinery and off grid electricity production. 

The need for cleaner, more efficient drive means is well established in 
20 these fields. However, the benefits of the present invention are not limited 
only to these examples, in times when environment issues are in the interest 
of both the public and the legislator, cleaner and more efficient means to 
produce electrical power are clearly useful and have a great commercial 
potential. 

25 While this invention has been described with reference to illustrative 

embodiments, it is to be understood that this deacription is not intended to 
be construed in a limiting sense. Modifications to and combinations of the 
illustrative embodiments will ba apparent to persons skilled in the art upon 
reference to this description. It is to be further understood, therefore, 

30 that changes in the details of the embodiments of the present Invention and 
additional embodiments of the present invention will be apparent to persons 
of ordinary skill in the art having reference to this description. It is 
contemplated that such ohangas and additional embodiments are within the 
spirit and true scope of the invention as claimed below. 
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